I n t r o d u c t io n
Tom time to time, in connexion with work on the metabolism of parasitic nemaodes, attention has been drawn to the presence of haemoglobin in a number of pecies. Aducco (1889) observed that the red colour of renale is due 0 a pigment resembling vertebrate haemoglobin. More recently haemoglobin has oeen recorded in Ascaris lumbricoides and Parascaris equorum (Keilin 1925) , in V ematodirus,Ostertagia and other Trichostrongylidae of sheep (Davey 1938) and in 7 amallanus (Wharton 1938) . Among tissue parasites the pigment was demonstrated >y Stannard, McCoy & Latchford (1938) in Trichinella larvae and by v. Brand 1937) in a larval Eustrongylides from the mesentery of Fundulus. The presence of haemoglobins in parasitic worms has been suggested as evidence )hat they were essential to supply oxygen to the oxidative systems (Davey 1938; 7. Brand 1938) . But not all authors presented evidence that the haemoglobins they observed were different from the haemoglobin of the host. Keilin (1925) , however, observed that Ascaris lumbricoides contains two haemoglobins which could be distinguished spectroscopically from each other and from the host haemo globin. These pigments were re-examined by Davenport (1949) and were found to have extremely high oxygen affinities, the consequence of a very low deoxygenation velocity. The oxygen equilibrium relations of the haemoglobins could not be determined directly but it was shown that Ascaris is capable of bringing about deoxygenation of the body-wall haemoglobin when kept under anaerobic con ditions. Similarly Aducco (1889) observed that the haemoglobin of Dioctophyme is extremely resistant to deoxygenation in vacuo.
Only one direct determination of the oxygen equilibrium curve of a haemoglobin from a parasitic nematode has been recorded. Wharton (1941) found that, at an unspecified temperature and pH, the haemoglobin of was half saturated with oxygen at a tension of 8 mm. Under the same conditions a tension of 20 mten. was necessary for half saturation of the blood of the host, Pseudemyss. Under anaerobic conditions Camallanus could deoxygenate its haemoglobin. The oxygen affinity of this pigment is not therefore so high as th at of the Ascaris haemoglobins described by Davenport, but is well adapted to take up oxygen at low tensions.
Because of its availability, large size, and powers of survival vitro, Ascaris lumbricoides has been widely used as the type species in nematode physiology. Yet,
[ 271 1 272 because of this large size Ascaris is aberrant and, since oxygen must enter by di fusion through the cuticle, unlikely to be fully aerobic under the most favourab1 conditions. More typical nematodes are smaller, and with a larger surface/volua ratio are better adapted to utilize the oxygen in the environment. Moreover, man of these smaller nematodes contain haemoglobin in great concentration an Wharton (1941) has shown that, in one of these, the haemoglobin does not shai the unusual properties of the Ascaris haemoglobins. It was observed that tv readily obtainable parasites of mammals, spp. from the horse, an Nippostrongylus muris maintained artificially in the laboratory rat, contain sue high haemoglobin concentrations and a study of these pigments was undertake in order to compare their properties with those of Ascaris and Camallanus.
H. E. Davenport
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N i p p o s t r o n g y l u s mu r i s
Nippostrongylusmuris, a trichostrongyle parasite of the brown and laborator rats, is a small worm between 3 and 6 mm. long. The species was first described b Yokagawa (1921) . In the description he refers to the red colour of the worm bi did not identify the pigment. The parasite occurs in the small intestine of infecte rats where the red masses of worms are clearly visible through the intestinal wa before this is opened.
When a few individuals are placed in saline on a slide, lightly compressed und( a cover-slip, and observed with the microspectroscope as microscope ocular, tb red colour of the worms is seen to have the spectrum of oxyhaemoglobin. Th bands are nearer to the red than those of oxy haemoglobin from the blood of the hos If the cover-slip is now ringed with vaseline to impede the ingress of air, an incubated at 37°C for about 30 min., the oxyhaemoglobin bands are replaced b the single band of haemoglobin. Reoxygenation rapidly occurs when air is agai admitted. W ith larger numbers of worms under these conditions, deoxygenatio of the haemoglobin is rapid and complete and is accompanied by a steady dimini tion in the activity of the worms until, when deoxygenation is complete, they ai almost completely quiescent.
Extraction of the haemoglobin
Worms were removed from the opened intestine of the recently killed rat b scraping the mucosa with the back of a scalpel. Nippostrongylus lives with th anterior end deeply embedded in the crypts between the duodenal villi and cannc easily be removed without admixture with blood and tissue of the host. The worm were separated by repeated shaking in warm Ringer solution, allowing them to setth and decanting off the saline with suspended debris. The resulting mass of activ worms was filtered off on a small filter paper.
Attempts at extraction of the haemoglobin by grinding the worms in water c dilute buffer, even when this was accompanied by alternate freezing and thawing gave extremely dilute solutions. After such treatment the debris still retains a bright red colour, indicating that the bulk of the haemoglobin is located in tii )dv wall of the parasite and not in the perienteric fluid. A more drastic method of ^traction was therefore used. Worms were dropped into liquid air in a small mortar and rapidly ground to powder. The thawed powder was extracted with m /2 0 borate buffer pH 8-2 and mtrifuged. The supernatant fluid was bright red and the worm debris at the ottom of the tube almost devoid of haemoglobin. From seven fairly heavily ifected rats, about 6 ml. of a solution containing 0-8 x 1 0 _4m haematin could be stained by this method.
Absorption spectrum of the oxyhaemoglobin
The positions of the absorption bands in the extracted oxyhaemoglobin, measured ith the Hartridge spectrometer, were a = 5777 A, /? = 5405 A. Identical readings ere obtained when the observation was repeated on the pigment situ in the •prims. On the other hand the a-band of ra t blood oxyhaemoglobin is situated b 5767 A. Nippostrongylus must therefore synthesize haemoglobin or modify in >me way th at of the host. Figure 1 shows the spectrum of oxyhaemoglobin etermined in the Hilger-Nutting spectrophotometer.
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F ig u r e 1. Absorption spectra of the oxyhaemoglobins of (a) Strongylus spp., (b) Nippostrongylus muris.
The oxygen equilibrium curve Equilibration of the oxyhaemoglobin extract against a frequently renewed vacuum was found to bring about complete deoxygenation. The equilibration was carried out in a Thunberg tube. Deoxygenation proceeds relatively slowly, and
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when a definite sequence of gentle shaking and re-evacuation was followed, sue! as would bring about deoxygenation of ox muscle haemoglobin in 5 min. the nematode pigment required about 30 min. When air was readmitted to the tube the haemoglobin became reoxygenated. The oxygen equilibrium curve was determined by the micromethod of Hill (19361 with slight modification to allow the use of the very small volumes available. In this method a known volume of haemoglobin solution of known concentration is deoxygenated in a Thunberg tube. Amounts of oxygen, which can be calculated i are then added as oxyhaemoglobin solution saturated with air, through the sides arm of the tube. After equilibration the effect of the added oxygen upon the) degree of oxygenation of the haemoglobin in the tube is measured by matching its I spectrum against that of a variable optical mixture of haemoglobin and oxyhaemo-1 globin, in the cups of the spectrocolorimeter described by Hill (1936) .
Method
The haemoglobin concentration was estimated by converting to globin haemochromogen and measuring the light absorption in the a-band of this compound in the Hilger-Nutting spectrophotometer. The absorption constant /? is given by the formula: 1 where: c is the haematin concentration in g.mol./ml. d is the thickness of the absorbing layer.
I0 and
I are the intensities of incident and transmitted light respectively.
Starting from pure haemin and pig globin /?558-5 = 0-64 x 108. The details of this method have been described by Davenport (1949) . In each vacuum tube 2 ml. of a solution of the oxyhaemoglobin containing, usually, 0-6 x 10~4m haematin, was used. During deoxygenation, evaporation from this small volume caused a serious change in concentration. To counteract this the tubes were calibrated to contain 2 ml. and an additional 0-3 ml. of water added before evacuation. Evaporation was allowed to go on until the level of the solution fell to the graduation mark.
When deoxygenation was complete successive small amounts of oxyhaemoglobin solution were admitted through the side arm from a 2 ml, graduated pipette attached by a short length of rubber tubing. After each addition equilibration was continued for 10 min., until the spectrum of the solution in the tube showed no further change. The absence of further change showed that, under the conditions of the experiment, the nematode extracts had no appreciable oxygen uptake.
It was necessary to use human oxyhaemoglobin and haemoglobin as the standards against which matching was carried out, in the spectrocolorimeter cups. Apart from the difference in position of the absorption bands, the spectra of the two oxyhaemoglobins are otherwise similar and no difficulty was experienced in making the comparison.
In the course of these experiments, considerable difficulty was experienced in oiding a partial denaturation of the haemoglobins or their partial oxidation to rsthaemoglobin. Exposure to low tensions of oxygen during the somewhat olonged deoxygenation favoured oxidation, and attempts to speed deoxygenation • more vigorous shaking, or by warming the tube, hastened denaturation. I t was erefore particularly important, when air was readmitted to the tube at the end an experiment, to make certain that the bands of oxyhaemoglobin were restored their original intensity. More than half the experiments which were carried out led to satisfy this criterion of the absence of secondary change. The pressure of oxygen in the tube in mm. Hg corresponding to the percentage of yhaemoglobin determined as described above was calculated from the formula yen by Hill (1936) , 0 2 pressure in mm. Hg = P x^1^2(
otal concentration of 0 2 in the fluid added, i.e. dissolved 0 2 + th at present as oxyhaemoglobin. concentration of haemoglobin, total internal volume of the tube (ml.) volume of fluid added from the pipette (ml.) initial volume of fluid in the tube (2 ml.) quotient of the concentration of 0 2 in gas phase divided by the concentration of 0 2 dissolved in the liquid independently of the pressure. P = the factor for converting concentration of dissolved 0 2 into the equivalent pressure in mm. Hg.
(
. A and P can be calculated from solubility data.) he experiments were carried out at pH 8*2 (m/20 borate) and at temperatures stween 17-5 and 19°C. For comparison of the results with Nippostrongylus haemoglobin the dissociation irve of ox muscle haemoglobin was determined under the same conditions. The muscle haemoglobin was prepared by the method described by Hill (1939) from shin eef and dialyzed to equilibrium with m /2 0 borate buffer pH 8*2 . In these experi ments muscle haemoglobin and oxyhaemoglobin were used as standards in the oectrocolorimeter cups.
Results
The result of a typical experiment is given in table 1. Estimation of the percentage xyhaemoglobin with the spectrocolorimeter is most accurate in the range 25 to 5 %, when the readings do not deviate by more than 3 %. The amount of oxyenated haemoglobin which must be added to 2 ml. of the Nippostrongylus haemolobin in the vacuum tube, in order to cover this range, is very small. The error lvolved in calculating the oxygen tension within the tube is therefore greater than 'ith a haemoglobin having a lower affinity for oxygen. rves are shown in figure [3. Ox muscle haemoglobin at 18°C, pH 9, was half turated at an oxygen tension of 6 mm. Hg. Under the same conditions a tension about 0-1 mm. is required for half saturation of the Nippostrongylus haemoglobin.
S t r o n g y l u s spp.
The dull red colour of the species of Strongylus which inhabit the large intestine -the horse, has led to their being known collectively as 'red worms'. Superficial iservation of the worms in situ gives the impression th at they are en ie blood of the host. Host haemoglobin is undoubtedly ingested, but Rogers (1940) is shown that digestion is so rapid th at the intestinal contents of the parasite are •loured dark brown by masses of haematin and contain very little unchanged lemoglobin. The red colour was found, in the present work, to be due to a bright red pigment i the perienteric cavity of the parasite, visible through the thin body wall. As >on as possible after slaughtering, female Strongylus were removed from the gut f the host and washed for one hour in Ringer solution at 37°C. Perienteric fluid as removed from the worms by immersing the anterior end in a watch glass ontaining m/20 phosphate buffer pH 7, puncturing the body wall in the region of le muscular pharynx, and gently squeezing the posterior end of the parasite. The at of the worm ruptures very easily if removal of the whole of the perienteric uid is attempted. The amount of pigment in the perienteric fluid shows great individual variation. Iccasional specimens yielded a fluid having only a pale pink colour but an average •atch of 30 worms gave about 5 ml. of a diluted fluid containing 3-0x 10~4m L aematin.
Spectroscopic properties
The spectrum of the suitably diluted perienteric fluid, viewed with the micropectroscope, exhibits two absorption bands at 5781 and 5400 A. Compared with he spectrum of Nippostrongylus oxyhaemoglobin the bands are more diffuse and •losely resemble the spectrum of Ascaris lumbricoides oxyhaemoglobin (Davenport 1949) . Figure 1 shows this spectrum. When K3Fe(CN)6 is added to the solution die typical spectrum of acid methaemoglobin slowly appears with maxima at 337 and 500 my. This, upon reduction with Na2S20 4 is immediately replaced by die single band of haemoglobin at 555 my and, when the solution is aerated, the two bands originally observed reappear. The relation of the pigment in the perien teric fluid to these derivatives is thus that of oxyhaemoglobin.
Deoxygenation of the oxyhaemoglobin
A Thunberg tube containing 3 ml. of the diluted perienteric fluid in m/20 phosphate, pH 7 was evacuated. Equilibration against the vacuum by gentle shaking alternating with frequent re-evacuation failed, in 3 hr., to bring about a change in the spectrum of the fluid in the tube.
The addition of Na2S20 4 to the oxyhaemoglobin caused a slow replacement of the two absorption bands by the single band of haemoglobin. At room temperature the slow change may easily be followed and closely resembles the similar slo> reaction which has been reported for the oxyhaemoglobin in the perienteric flui t of Ascaris. The supply of the Strongylus pigment was too small to permit a ful investigation of the reaction but measurements of its velocity were made at pH ' and 11-5°C.
The procedure was precisely as was described for the measurement of deoxyi i genation velocity of Ascaris oxyhaemoglobins. Into a Thunberg tube 3 ml. of tb oxyhaemoglobin solution containing 0 7 x 10~4m haematin, was pipetted. Th( hollow stopper containing 10 mg. Na2S20 4 was replaced and the tube evacuated The reaction was started by tipping the hyposulphite into the body of the tube and] shaking to ensure solution, and its progress measured by comparing the spectrum! of the reacting solution with that of a variable optical mixture of haemoglobin andil oxyhaemoglobin in the cups of the spectrocolorimeter. Since the available amounts! of Strongylus haemoglobin were so small, human haemoglobin and oxyhaemoglobin were used for the comparison. Complete matching of the whole spectrum was impossible but it was found that if the effective concentration of the humanI oxyhaemoglobin was adjusted to obtain matching of the intensities of the /?-bands! at the beginning of the reaction, and the haemoglobin in the other cup was of the same concentration, a fairly satisfactory estimate of the progress of the reaction I j could be obtained by comparing the /?-bands of the two haemoglobins.
The time for half completion of the reaction under these conditions was found t| § be 750 ± 80 sec. When the logarithms of the percentage oxyhaemoglobin are plotted!! against time a straight line is obtained within the rather large experimental error ] imposed by the use of a different haemoglobin as comparison standard. Under the I same conditions of pH and temperature for the deoxygenation of Ascaris ; perienteric fluid haemoglobin was 600 ± 50 sec.
D is c u s s io n
The most striking property of the two nematode haemoglobins is their great affinity for oxygen. In dilute solution at 19°C, haemoglobin is half saturated with oxygen at a pressure of less than 0-1 mm. Hg. Of other haemoglobins for which the equilibrium curve has been determined, only one possesses a comparably high oxygen affinity. Keilin & Wang (1945) extracted from the root nodules of leguminous plants a haemoglobin which, at 15°C, is also half saturated at below 0-1 mm. oxygen pressure. In spite of this high oxygen affinity rapid and complete deoxygenation of the haemoglobin occurs when Nippostrongylus is in cubated under conditions of oxygen deficiency. Thus, whilst the haemoglobin is adapted to take up oxygen at extremely low tensions of the gas, the oxidative enzyme systems of the parasite are able to utilize this bound oxygen.
Since nematodes are without specialized respiratory organs or a blood vascular system, oxygen must enter by diffusion through the general body surface or, in those forms which suck the arterial blood of the host, through the gut wall. In an oxygen deficient environment, small size, by increasing the surface/volume ratio, is an important factor in facilitating the utilization of the available oxygen.
)t only is Nippostrongylus a small worm but normally it lives attached to, or , ibedded between, the richly vascular folds of the host intestinal mucosa, which ■ceives blood from the oxygen-rich portal circulation. Although the primary t notion of these folds is to increase the area available for the absorption of the joducts of digestion, their presence must also increase the amount of oxygen . {fusing into the intestinal contents. Slater (1925) has pointed out th at oxygen nalyses of the strongly reducing contents of the intestine give no indication of the t :ygen supply available to intestinal parasites unless allowance is made for the ,eady supply available by diffusion from the host intestinal wall during life. The haemoglobin of Nippostrongylus occurs principally in the body wall of the orm and is invariably present in high concentration. I t is therefore well located 1 take up oxygen diffusing through the cuticle of the nematode. Deoxygenation * the haemoglobin under conditions of oxygen deficiency is accompanied by an creasing degree of inactivity. Under similar conditions Davey (1938) observed (activity of sheep trichostrongy les but he did not correlate this with deoxygenation f the haemoglobin he observed in those worms. On the other hand the quiescence F Ascaris in the absence of oxygen which led Slater (1925) to question the total naerobiosis of this parasite increases concurrently with deoxygenation of the bodyall haemoglobin (Davenport 1949) . In Nippostrongylus recovery of active movelent when air is readmitted, with reoxygenation of the haemoglobin, is rapid and pectacular and the cycle of events may be repeated several times without apparent ljury to the worms. Referring to A s c a r i s ,Slater (1925) concluded th at .. .although be worms are capable of prolonged existence in the absence of air, they achieve his only by cutting down their movements to a minimum, and th at for their tormal metabolism they require a supply of oxygen5. This conclusion would appear o apply to Nippostrongylus also and the haemoglobin in the worm serves as a short teriod store of oxygen available for rapid transference to the oxidative enzyme ystem during periods of temporary oxygen deficiency.
There is no evidence th at the haemoglobin of Strongylus possesses a respiratory unction. The high oxygen affinity is here the consequence of an extremely low leoxygenation velocity, a property it shares with the haemoglobin in the perien teric fluid of Ascaris (Davenport 1949) . In the absence of oxygen Strongylus be comes moribund without visible change in the spectrum of the haemoglobin, an mdication th at the oxidative enzymes of the worm are unable to utilize this oxygen. Laser (1944) , working with Ascaris, has suggested th at since methaemoglobin is a weak peroxidase, the function of haemoglobin in this worm may be the catalytic slimination of H 20 2 produced during oxidative metabolism, but he gave no direct evidence th at this was their role.
In Strongylus and Ascaris, and in contrast to Nippostrongylus, the haemoglobin content is highly variable. Ascaris is not known normally to suck the blood of the host but in occasional individuals a high haemoglobin content is associated with the presence of high haematin concentrations in the gut (Davenport 1949) . On the other hand Strongylus usually has the gut distended with material coloured black by haematin derived from the blood of the host (Rogers 1940) . The haemoglobin concentration in the perienteric fluid, immediately adjacent to the gut, is normally many times greater than is ever observed in Ascaris. The picture is in some wa^ analogous to that of the pigments investigated by Wigglesworth (1943) in a blood-sucking bug. Although most of the haemoglobin ingested by the insect broken down to haematin in the gut, a small amount is absorbed and circulates i the blood as parahaematin. The concentration of circulating parahaematin j Rhodnius is subject to great variation and can be increased by injecting haemoglobi into the haemocoel. Wigglesworth could attribute no function to the pigment. ] is possible therefore th at the aberrant haemoglobins in the perienteric fluid ( Ascaris and Strongylus are functionless by-products of the nutrition of the worn differing from the parahaematin of Rhodnius in that they retain, in a much modifie form, the essential properties of haemoglobin.
The contrast between the properties of Strongylus and haem< globins emphasize the danger in the assumption, referred to in the introduction 1 this paper, th at the presence of haemoglobin in parasitic nematodes is evidence tin they fulfil a respiratory role.
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